The importance of aerosols as agents of climate change has recently been highlighted. However, the magnitude of aerosol forcing by scattering of shortwave radiation (direct forcing) is still very uncertain even for the relatively well characterized sulfate aerosol.
Introduction
The direct radiative forcing due to scattering of solar radiation by anthropogenic sulfate aerosol has been suggested to be significant when compared to the longwave radiative forcing by anthropogenic greenhouse gases over the industrial period [Charlson ½t al., 1991 [Charlson ½t al., , 1992 .
In early studies a relatively simple multiple reflection model was used to estimate this forcing on the basis of the atmospheric loading (column burden) of sulfate, but such estimates are subject to concern from the perspective of the accuracy of their representa- and multiple scattering effects. Penner ½t al. [1994] suggested that uncertainties involving the first three of these issues impose an uncertainty in direct climate forcing by sulfate aerosols of a factor of 1.6. Uncertainties arising from the latter two issues have not been assessed, but Nichl and Brieglcb [1993] suggested that initial estimates might be too great because of inadequate treatment of the wavelength dependence of the scattering efficiency. Other contributions to uncertainty in sulfate aerosol forcing include loading, geographical distribution, molecular form, interactions with other aerosol species, relative humidity effects, and for the indirect forcing the effects of added sulfate aerosol on cloud microphysics. Uncertainties in aerosol radiative forcing are thought to represent the greatest contribution to uncertainty in climate forcing over the industrial period [1995] reported forcing for column burdens of monodisperse sulfate aerosols. Pilinis et al. [1995] reported forcing for a "global mean" aerosol consisting of fine and coarse modes. Consequently, it is difficult to infer separately the effects of differences in cloud and surface albedo, aerosol size distributions employed, and the like. In view of the importance of the climate forcing due to aerosols, in general, and sulfate aerosols, in particular, and the resultant need to identify and reduce uncertainties in forcing estimates, it is considered desirable to ascertain and explain the extent of the differences in these estimates. Here we take an initial step in this direction by means of an intercomparison by several groups conducting independent calculations. The participants in this intercomparison project are listed in Table 1 ; the characteristics of the models they used are briefly outlined in Table 2 
Description of the Calculations
In order to restrict the sources of discrepancy in the several calculations to differences in treatment of optical properties and radiative transfer and thereby to permit characterization of the magnitude of discrepancy arising only from differing treatments of these processes the present intercomparison specified a rather prescriptive set of conditions for the calculations to be conducted by the participating groups. These conditions are presented here. It should be noted, however, that the conditions specified for the present intercomparison are not meant to reflect actual conditions, which can vary considerably from those specified here and which can therefore lead to rather different estimates of the forcing for a given sulfate loading. Actual assessments of radiative forcing by sulfate aerosols would need to take such variable conditions into account, and of course, differing assumptions about these conditions and differing representations by different groups can be expected to contribute to further uncertainty in estimates of radiative forcing by sulfate aerosol than is indicated in the present rather restrictive intercomparison.
Aerosol Composition
The aerosol composition was specified to be that of an ammonium sulfate solution at 80% relative humidity (deliquescence point or saturated solution) and 25øC. Table 3 . This mass was calculated for the nominal particle radius rather than for the specific size distribution employed; for the lognormal size distribution with or0 = 0.1 this underestimates particle mass by 4.6%. These radius values, which are in a geomet- The increasing width on a linear scale corresponds to a constant width on a logarithmic scale. Distributions are normalized to equal maximum values.
Definition of Aerosol Forcing
The direct aerosol forcing due to sulfate aerosols, AF, was calculated as the change in the net solar flux at TOA when the sulfate aerosol is included in the model atmosphere relative to that when the sulfate aerosol was absent [IPCC, 1996] . No account is made for stratospheric adjustment; in any event, the changes in upper tropospheric and stratospheric heating rates due to the inclusion of sulfate aerosols will be small. Two 
Results
To characterize the spread in forcing as calculated by the several groups we selected eight cases, summarized in Table 5 , for which we provide statistics. The statistics characterize the results from 15 models for the broadband forcing and 12 models for the 550 nm partial forcing for three different aerosol radii (cases 1-3), three different surface albedos (cases 2, 4, and 5) (all for zenith-angle averages), and three different solar zenith angles (cases 6-8). Table 5 Further insight into the radius dependence of forcing can be gained from the ratio of the broadband to the partial forcing (Figure 2c ). This forcing ratio is not independent of radius although it is considerably more slowly varying than either of the forcings themselves.
For most models the forcing ratio exhibits a minimum (i.e., the ratio of partial to broadband forcing exhibits a maximum), consistent with a more peaked radius dependence for the partial forcing than for the broadband forcing, as driven mainly by the fact that the maximum in scattering efficiency depends on the ratio of radius to wavelength. The minimum in forcing ratio occurs at a particle radius of •0.1/•m, somewhat lower than the radius of maximum scattering efficiency.
It is important to note at this stage that the sensitivity of forcing to particle radius would be smaller in the case of a "real" aerosol distribution with a larger standard deviation [Boucher and Anderson, 1995] than is indicated in these comparisons with narrow size distributions. Therefore, to some extent the differences in radius dependence shown here would be washed out in 
Sensitivity to Optical Depth
The sensitivity of normalized forcing to aerosol optical depth is examined in Figures 3a-3c for the broadband forcing and 3d-3f for the partial forcing at 550 nm. At any given optical depth, at intermediate particle sizes the range among the models is roughly 25%-30% for the broadband normalized forcing and 30%-40% for the partial normalized forcing. Because the quantity plotted is the normalized forcing, that is the forcing per sulfate column burden, and because the optical depth scales linearly with sulfate column burden, a linear dependence of forcing on optical depth would be represented in these plots by a straight line parallel to the Figure 3e for several values of the intercept of normalized partial forcing at 550 nm versus •'550 for which the wavelength of the forcing corresponds to the wavelength at which the optical depth is specified. Quite close agreement is indicated between the limiting slopes from the several models and the limiting slopes resulting from this analysis. However, the decrease in the slope with increasing r is larger in the model results than predicted from this simple analysis.
Sensitivity to Surface Albedo
We present the dependence of normalized global average forcing on surface albedo in Figures 4a and 4b for the broadband and partial forcings, respectively. It is wavelength, where there is no gaseous absorption, and because the aerosol is nonabsorbing, the reason for this enhanced absorption due to the presence of the aerosols is to be sought at the surface rather than in the atmosphere. An explanation has been provided recently by Haywood and Shine [1997] . When the sun is at zenith, the downwelling solar irradiance that is reflected upward is proportional to aerosol optical depth, but the upwelling irradiance that is reflected back to the surface is proportional to the optical depth multiplied by the average photon path length through the aerosol layer (i. 
Discussion and Conclusions
In principle the calculation of radiative forcing by sulfate aerosols should, for prescribed conditions, be a completely solved problem. In practice, there are approximations and assumptions that must inevitably be introduced into any calculation of this forcing that will result in errors in the resultant calculated forcing. There are several reasons, however, why this tentative conclusion might be questioned. Detailed comparison of the models as a function of any of the several controlling variables indicates considerably greater departure than is implied by the 8% standard deviation. One notes first that the partial forcing at 550 rim, not requiring integration over wavelength, might be expected to exhibit closer agreement than the broadband forcing. Yet this is found only for the globally-averaged forcing when the broadband only models are excluded from the statistics, while the opposite is found at specific solar zenith angles. Future work might therefore focus on the spectral dependence of the forcing and possible compensating errors. Likewise, the spread in forcing was greater at any specific solar zenith angle than in the zenith-angle average, again indicative of possible fortuitous compensating errors in the several models (Figures 5b and 5e ).
With respect to dependence of forcing on particle radius, again, although the several models all showed a similar overall dependence, at extremes of particle radius the normalized forcing for the several models exhibited a relative spread that was much greater than at radii for which the scattering efficiency and normalized forcing were the greatest. Finally, the marked divergence of the models at high surface reflectivity suggests that work must be done to understand the reasons for these discrepancies if confidence is to be placed in the ability of models to treat these situations. Fortunately, from the perspective of inferring climate forcing by such aerosols these discrepancies would appear to be of somewhat secondary importance, although they can be of considerable importance in specific situations. Comparison of the spread in the optical calculations (scattering efficiency) with that in the radiative calculations indicates that the spread in forcing results from differences in the treatment of the radiative transfer (such as multiple scattering) and treatment of the solar spectrum rather than in evaluation of the aerosol scattering efficiency.
With respect to the evaluation of aerosol forcing in climate models, from the results summarized in Table 5 it. can be seen that with the exception of case 5 (surface reflectance 0.80) the spread of the results, albeit signif- Because of the dependence of scattering efficiency on the distribution function employed, comparisons of forcing were restricted to identical distribution functions, namely, the lognormal distribution with a0: 0.1. Although the sensitivity to the details of the distribution affects any calculations for narrow test distributions, such as were employed in the present intercomparison, it does not affect to such an extent calculations for realistic broad aerosol size distributions, as would pertain to ambient aerosols [Boucher and Anderson, 1995] .
